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thermal limits and voltage proﬁle. Cat Swarm Optimization (CSO) is used as an optimization tool
to determine the location and controlling parameters of SVC and TCSC. The suggested methodol-
ogy is tested on IEEE 14-bus system and also on IEEE 24-bus reliability test system for normal and
different contingency cases.
 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Promoting competitive electric markets for electric power trad-
ing is the main aim of an electric industry restructuring. Under
deregulated environment, the substantial increase in power
transfer is the important requirement. Over a wide range of
system operating conditions and constraints, it is necessaryto maintain economical and secure operation. However the
restrictions to provide new facilities can be economic, ecolog-
ical and social problems that minimize the operational alterna-
tives. The better services and reduced prices can be provided to
the customers.
Based upon the NERC’s deﬁnition of ATC and its determi-
nation [1], transmission network can be restricted by thermal,
voltage and stability limits. FACTS concept makes it possible
to use circuit reactance, voltage magnitude, and phase angle as
controls to redistribute line ﬂow and regulate voltage proﬁle.
With suitable location, the effect of a TCSC and SVC on the
ATC enhancement is studied and demonstrated through Case
studies. It is shown that installing SVC in the proper location
will improve voltage proﬁle as well as ATC, and TCSC will
recover the ATC. Ying Xiao gave a summary that UPFC
can offer an effective and promising solution to boost the
usable power transfer capability, thereby improving
transmission services [2]. H. Sawhney applied UPFC for
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ment of ATC [4]. G. Madhusudana Rao gave location of
TCSC and SVC using RGA at different locations [5]. N.D.
Ghawaghane suggested a criterion for location and reactance
of TCSC for ATC improvement [6]. Wang used TCSC to opti-
mize TTC in deregulation [7]. Stephen Gerbex did optimal
location of multi-type FACTS devices in a power system by
means of GA [8].
In the developing and the developed countries, more so in
the latter, the available electrical power supply–demand mis-
match is continuously increasing, often resulting in forced
power cuts to the customers. This situation is brought in by
the fact that the rate at which the demand is increasing is much
more than that of the supply. The system operator with a view
to supply power reliably likes to know about the capacity of
power available for transfer at any moment of time and under
all system states. In a deregulated system operation, both the
operator and the customers must be knowledgeable about this
important system variable known as Available Transfer
Capacity (ATC).
To maximize utilization of existing transmission grids,
accurate evaluation of ATC is essential while maintaining sys-
tem security. Here the power system dependability meets elec-
tricity market competence. ATC may have a huge force on
market outcomes and system dependability.
The function of ATC is as follows:
 Electric power must be delivered reliably.
 For changing system conditions ﬂexibility should be
provided.
 The need for installed generating capacity is reduced.
 Trading of electric power among systems must be allowed.
Mathematically, ATC is deﬁned as the Total Transfer
Capability (TTC) less the Transmission Reliability Margin
(TRM), less the sum of existing transmission commitments
(which includes retail customer service) and the Capacity Ben-
eﬁt Margin (CBM). ATC can be expressed as [1] follows:
ATC¼TTCTRM
ExistingTransmissionCommitmentsðincludingCBMÞ
ð1Þ2. Modeling of FACTS controllers
A new technology consisting of FACTS controllers has the
capability to control the consistent parameters that govern
the operation of transmission system including series impe-
dance, shunt admittance, current, voltage, phase angle and
damping of oscillations at various frequencies under rated fre-
quency. FACTS controller enables a line to carry power closer
to its thermal rating. The FACTS controllers are modeled
according to the parameters such as percentage series compen-
sation for TCSC and Susceptance for SVC [9,7,10]. The real
and reactive power injections due to series capacitor (TCSC)
at buses i and j are given by the following equations [17]:
PFi ¼ V2i DGij  ViVj DGij cos di  dj
 þ DBij sin di  dj  
ð2ÞQFi ¼ V2i DBij  ViVj DGij sin di  dj
  DBij cos di  dj  
ð3Þ
PFj ¼ V2j DGij  ViVj DGij cos di  dj
  DBij sin di  dj  
ð4Þ
QFj ¼ V2j DBij þ ViVj DGij sin di  dj
 þ DBij cos di  dj  
ð5Þ
DGij ¼
xcrij xc  2xij
 
r2ij þ x2ij
 fr2ij þ xij  xc 2g ð6Þ
DBij ¼ 
xc r
2
ij  x2ij þ xcxij
 
r2ij þ x2ij
 fr2ij þ xij  xc 2g ð7Þ
Modeling the SVC as a variable VAR source, we can set the
maximum and minimum limits on the reactive power output
QSVC according to its available inductive and capacitive sus-
ceptance Bind and Bcap, respectively. These limits can be given
as
Qmax ¼ BindV2ref ð8Þ
Qmin ¼ BcapV2ref ð9Þ
where Bind ¼ 1XL and Bcap ¼ 1XC.
3. Problem formulation
The problem formulation for ATC calculation is the basic con-
cept of OPF as an optimization problem, with an equity and
inequality constraints. The stability limits are also considered
as the main constraints. Obviously, the objective function is
the maximum power ﬂow on the speciﬁed transmission path.
The objective is to determine the ATC to maximize the power
transfer between the two areas subjected to the conditions that
there are no violations of thermal or voltage or stability limits.
Available transfer capability problem formulation can be
explained as follows:
Maximize
Pi ¼
X
j2i
Pkj ð10Þ
Subjected to
Pi 
X
j2i
ViVjYij cos hij þ di  dj
  ¼ 0 ð11Þ
Qi 
X
j2i
ViVjYij sin hij þ di  dj
  ¼ 0 ð12Þ
Pming 6 Pg 6 Pmaxg ð13Þ
Qming 6 Qg 6 Qmaxg ð14Þ
Sij 6 Smaxij ð15Þ
Vmini 6 Vi 6 Vmaxi ð16Þ
(i) TCSC constraints:
XminTCSCi 6 XTCSCi 6 XmaxTCSCi i ¼ 1; 2; . . . nTCSC ð17Þ
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XminTCSCi ¼Min of x of TCSC at line i
XmaxTCSCi ¼Max of x of TCSC at line i
nTCSC ¼ no: of TCSC’s
(ii) SVC constraints:
BminSVCi 6 BSVCi 6 BmaxSVCi i ¼ 1; 2; . . . nTCSC ð18ÞFigure 1 Flowchart for continuation power ﬂow.BSVCi ¼ B of SVC at bus i
BminSVCi ¼ Minimum of B of SVC at bus i
BmaxSVCi ¼ Maximum of B of SVC at bus i
nSVC ¼ no: of SVC’s4. Continuation power flow
The method, Continuation power ﬂow (CPF) is a comprehen-
sive tool for tracing the steady state behavior of the power sys-
tem due to parametric variation [11]. The area real and/or
reactive loads, bus real and/or reactive loads and real power
generations at generator or PV buses are the parameters which
are varied. Continuation methods are also known as path fol-
lowing or curve tracing which are used to trace solution curves.
This is for general non-linear algebraic equations with a para-
metric variation. The CPF method has the following four basic
elements:
 Parameterization is a mathematical way of identifying each
solution for quantifying previous solution or next solution.
 Predictor is to ﬁnd an approximate point for the next solu-
tion. Tangent or secant method is used for this purpose.
 Corrector is to correct error in an approximation produced
by the predictor before it accumulates.
 Step size control is to adapt the step length for shaping the
traced solution curve.
Fig. 1 shows the ﬂowchart for Continuation Power Flow
(CPF) method, and it starts from a known solution and uses
a tangent predictor to estimate a subsequent solution corre-
sponding to a different value of the load parameter.
5. Cat Swarm Optimization (CSO)
The idea of computational intelligence may come from observ-
ing the behavior of creature. Ant Colony Optimization is pro-
posed by studying the behavior of ants, and Particle Swarm
Optimization (PSO) is proposed by examining the movements
of ﬂocking gulls [12,13]. In 2006, CSO has been proposed by
Chu, Pan and Tsai. By the common behavior of cats, the arti-
ﬁcial structure can be viewed for modeling. CSO one way or
another belongs to the swarm intelligence. Usually, PSO ﬁnds
the optimal solution faster than the others [14], but the CSO
gives much better performance than PSO. The CSO gives the
accurate and fast solution for the required objective function
when compared to other Artiﬁcial Intelligence techniques
[15,9,16,17].In CSO, the number of cats to be used in the iteration is
determined and to solve the problem the cats are applied into
CSO. Every cat has its own position composed of M number
of dimensions, a ﬁtness value, and velocities for each dimen-
sion, which represents the accommodation of the cat to the ﬁt-
ness function. It also has a ﬂag to identify whether the cat is in
seeking mode or tracking mode. The ﬁnal solution would be
the best position, for one of the cats. The CSO keeps the best
solution until it reaches the end of the iterations.
5.1. Behavior of cats
In Cat Swarm Optimization, the major two behaviors of cats
are modeled into two sub-models, namely, (i) seeking mode
and (ii) tracking mode.
5.1.1. Seeking mode
The seeking mode is a sub-model used to model the situation
of the cat, which is resting, looking around and seeking the
next position to move. The four essential factors are deﬁned
in seeking mode. They are Self Position Considering (SPC),
Counts of Dimension Change (CDC) and seeking Range of
Selected Dimension (SRD).
To deﬁne the size of seeking memory for each cat, Seeking
Memory Pool (SMP) is used, which indicates the points hunted
by the cat. From the memory pool, the cat would pick a point
according to the rules described. For the selected dimensions
SRD declares the mutative ratio. All these factors are playing
important roles in the seeking mode. SPC is also a variable
which decides the point where the cat is already standing which
will be one of the candidates to move.
The seeking mode can be described in 5 steps as follows.
Step 1: Select the total number of cats that has to be
considered.
Step 2: Assume a ﬁxed range of velocities for each cat.
Step 3: Calculate the ﬁtness values (FS) of all candidate
points.
Step 4: Select the number of cats available in seeking mode.
Step 5: Randomly pick the cat from the total number of
cats and apply to seeking mode.
Pkn ¼ ð1 0:3ÞRandðÞ½   Pk n ¼ 1; 2; 3; 4; 5 ð19Þ
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the best ﬁtness value.
5.1.2. Tracking mode
Tracking mode is the sub-model for modeling the case of the
cat in tracking some targets. Once a cat goes into tracking
mode, it moves according to its own velocities for every dimen-
sion. The action of tracking mode can be described in 3 steps
as follows.
Step 1: Update the velocities for every dimension (Vk,d)
according to Eq. (20):Vk;d ¼ Vk;d þ r1  c1  ðPbest; d Pk;dÞ;
d ¼ 1; 2 . . . . . . ::M ð20Þwhere Pbest,d is the position of the cat, who has the best
ﬁtness value; Pk,d is the position of catk, c1 is a constant
and r1 is a random value in the range of [0, 1].
Step 2: Check whether the velocities are in the range of
maximum velocity. In Case the new velocity is
over-range, set it to be equal to the limit.
Step 3: Update the position of catk according to (21).Pk;d ¼ Pk;d þ Vk;d ð21Þ
The best ﬁtness value is to be calculated. It is proceeded till
the best ﬁtness value is obtained and the corresponding cat
location and velocity be the best values.
5.2. Implementation procedure of CSO technique
In this section, the implementation procedure of CSO tech-
nique for base case is shown in Fig. 2.
6. Contingency based on performance index
An outage in the power system causes changes in the line ﬂows
and bus voltages. The new line ﬂows and bus voltages can be
predicted by an analysis which is known as contingency anal-
ysis. It is one of the most important and basic analysis for
assessment of power system security. The critical lines or cred-
ible contingencies are identiﬁed by contingency analysis and
only these critical lines need to be taken to assess the power
system security. The parameter which is known as perfor-
mance index is used for security analysis. The line which has
highest value is most critical line and is ranked as one. The
process of critical line selection is known as contingency
ranking.
For the contingency analysis, the severity of the line is cal-
culated as follows:
Performance Index ¼ Sl
Smaxl
 	2m
ð22Þ
where Sl and S
max
l are MVA ﬂow in line l and MVA rating of
the line l respectively and ‘m’ is an integer exponent.
7. Results and discussions
Enhancement of ATC is obtained with FACTS controllers
such as TCSC and SVC by applying CSO. The analysis is
made for normal as well as contingency. The proposed algo-rithm is implemented for both IEEE 14 bus system and IEEE
24 RTS bus system.
The ATC margin is limited by bus voltage magnitude in the
range 0.95 6 Vi 6 1.15 p.u. The CSO parameters are given in
Table 1 and are same for both the examples of IEEE 14 bus
system and IEEE 24 RTS bus system.7.1. IEEE 14 bus system
To demonstrate the CSO technique for ATC analysis IEEE 14
bus system is considered as an example 1. The system is
divided into two areas, which are the area with voltage of
69 kV and the area with voltage of 13.8 kV. From power ﬂow
results, it is observed that line 10(1–2) has the maximum line
ﬂow of 2.9833 p.u and bus 14 has the lowest voltage of
0.76471 p.u.
In contingency analysis, for each line Performance Index
(P.I) is calculated and ranking is given based on this value
and it is observed that the lines 9(7–9), 10(1–2) and 11(6–13)
are obtained as the most severe lines and ranked as 1, 2 and
3 respectively. The corresponding performance index values
are shown in Fig. 3.
For each line outage ATCs are obtained and it is observed
that when line 9(7–9) outage, ATC is minimum when com-
pared to all other line outage ATCs. The corresponding
ATC values are shown in Fig. 4 and the results for this case
are same as in case 2 for IEEE 14 bus system; but it is different
for IEEE 24 RTS bus system.
Analysis on this system is made for ATC, bus voltage (Vi)
and power ﬂow (Sij) for following 6 different Cases, and also
results are compared without and with load rescheduling using
CSO.
Case-1: Base case.
Case-2: Rank 1 contingency – line 9(7–9) outage.
Case-3: Rank 2 contingency – line 10(1–2) outage.
Case-4: Rank 3 contingency – line11(6–13) outage.
Case-5: line outage at minimum ATC.
Case-6: Change of Nodal Injections; when load increased
by 2% and generation increased by 1.5% at bus 2.
Out of which, case 1 is the base case, cases 2, 3, and 4 are
obtained from Performance index analysis, case 5 is obtained
from the line outage of minimum ATC and case 6 is change
of Nodal Injections.
For the base case, it can be observed that the maximum
ATC of 1352.7389 MW is obtained at 40% of series compen-
sation of TCSC as shown in Fig. 5.
For the base case, it can be observed that the maximum
ATC of 1273.952 MW is obtained at 0.5 p.u of shunt compen-
sation of SVC as shown in Fig. 6.
For base case (case-1), the ATC values without FACTS and
with FACTS such as TCSC and SVC using CSO are tabulated
in Table 2.
From this table it is clearly observed that ATC got
enhanced with FACTS using CSO when compared to without
FACTS.
For veriﬁcation of result, ATC is calculated by implement-
ing the procedure of RGA [9] for 14 bus system and the results
are tabulated along with CSO in Table 3.
Figure 2 Flowchart for CSO technique.
Table 1 Parameters for CSO.
S. No. Parameter Value
1 Memory Point (MP) 5
2 Range of the selected dimension (SRD) 20%
3 Counts of Dimensions Change (CDC) 90%
4 Mixture Ratio (MR) 12%
5 Constant (c1) 2.0
6 Random value (r1) [0.1]
Figure 3 Performance index of each line in 14 bus system.
Figure 4 ATCs for each line outage in 14 bus system.
Figure 5 % Series compensation of TCSC for case-1.
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Figure 6 Susceptance of SVC for 14 bus system.
Table 2 Summary of ATC for case-1.
Without FACTS With FACTS
TCSC SVC
ATC (MW) 1254.078 1368.2815 1294.4157
Table 3 Validation of result for 14 bus system.
Transaction (source
to sink)
ATC(MW) with FACTS
RGA[9] CSO
TCSC In
line 3
SVC At
bus 9
TCSC In
line 3
SVC At
bus 9
1–4 250.0 228 273.860 231.85
1–3 210.5 160.5 218.953 180.839
Table 4 Summary of test results of 14 bus system with TCSC.
Diﬀerent cases Location of TCSC ATC (MW) with
TCSC using CSO% series compensation
Case 1 3(12–13) 8(13–14) 7(9–14) 1368.2815
25 25 35
Case 2 7(9–14) 3(12–13) 6(9–10) 1137.4458
18 5 10
Case 3 16(2–4) 3(12–13) 6(9–10) 1464.8621
18 18 10
Case 4 8(13–14) 7(9–10) 5(11–10) 1131.0039
50 40 30
Case 5 7(9–10) 3(12–13) 6(9–10) 1137.4458
18 5 15
Case 6 3(12–13) 5(11–10) 8(13–14) 1298.8463
5 18 5
Table 5 Summary of test results of 14 bus system with SVC.
Diﬀerent cases Bus No. ATC (MW) with
SVC using CSOSusceptance (p.u)
Case 1 14 10 13 1294.4157
0.1 0.3 0.3
Case 2 9 10 14 1125.4455
0.2 0.8 0.8
Case 3 14 10 9 1336.8357
0.2 0.4 0.2
Case 4 13 14 12 1092.0768
0.6 0.2 0.4
Case 5 9 10 14 1125.4455
0.2 0.8 0.8
Case 6 14 10 13 1269.4309
0.4 0.4 0.2
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with FACTS devices using CSO is larger when compared to
existing RGA. Hence the further analysis is performed with
proposed CSO technique.
From all the six cases after the application of CSO, the
optimal location and % series compensation of TCSCs for dif-
ferent cases and the corresponding ATC values are tabulated
in Table 4.
Similarly, after the application of CSO, the optimal loca-
tion and susceptance of SVCs for the different cases and the
corresponding ATC values are tabulated in Table 5.
For all cases the ATCs without FACTS and with FACTS
using CSO are tabulated in Table 6.
From this table, it is clearly observed that the ATC with
FACTS using CSO has been enhanced compared to without
FACTS in all the 6 Cases. The corresponding ATC values
are shown in Fig. 7.
7.2. IEEE 24 RTS bus system
The similar analysis is made for IEEE 24 bus system which is
considered as example 2. This system consists of 11 generators,
17 loads, 38 transmission lines (including transformers). Thesystem is divided into two areas, which are the area with volt-
age of 230 kV and the area with voltage of 138 kV.
From the performance index values for each line, the lines
20(16–14), 26(16–19) and 25(17–16) are obtained as the most
severe lines and ranked as 1, 2 and 3 respectively. The corre-
sponding Performance Index values are shown in Fig. 8.
For each line outage the ATC is calculated and shown in
Fig. 9 and the line 10(10–6) is having the minimum ATC which
is selected for line outage contingency as considered as case 5.
Analysis on this system is made for ATC, bus voltage (Vi)
and power ﬂow (Sij) for following 6 different cases and also
results are compared without and with load reschedule using
CSO.
Case-1: Base case.
Case-2: Rank 1 contingency – line 20(16–14) outage.
Case-3: Rank 2 contingency – line 25(17–16) outage.
Case-4: Rank 3 contingency – line 26(19–16) outage.
Case-5: line outage at minimum ATC.
Table 6 Summary of ATCs for 14 bus system in different
cases.
Cases ATC (MW)
Without FACTS With FACTS
TCSC SVC
Case 1 1254.078 1368.2815 1294.4157
Case 2 930.8844 1137.4458 1125.4455
Case 3 1256.1062 1464.8621 1336.8357
Case 4 1046.4957 1131.0039 1092.0768
Case 5 930.8844 1137.4458 1125.4455
Case 6 1188.2098 1298.8463 1269.4309
Figure 7 Summary of ATCs for 14 bus system in different cases.
Figure 8 Performance index of each line for 24 bus system.
Figure 9 Summary of ATCs for each line outage for 24 bus
system.
Table 7 Summary of ATCs with TCSC for 24 bus system.
Diﬀerent cases Location of TCSC ATC (MW) with
TCSC using CSO% series compensation
Case 1 2(1–3) 1(1–2) 6(3–9) 8089.059
40 20 40
Case 2 1(1–2) 2(1–3) 8(5–10) 7798.936
20 50 20
Case 3 2(1–3) 1(1–2) 4(2–4) 7769.2644
40 40 20
Case 4 6(3–9) 2(1–3) 1(1–2) 7610.3528
30 30 20
Case 5 3(1–5) 4(2–4) 2(1–3) 6987.0616
50 30 30
Case 6 2(1–3) 1(1–2) 4(2–4) 8137.5086
20 30 30
Table 8 Summary of ATCs with SVC for 24 bus system.
Diﬀerent cases Bus No. ATC (MW) with
SVC using CSOSusceptance (p.u)
Case 1 14 24 15 7975.2391
0.1 0.1 0.1
Case 2 14 24 15 7652.0817
0.4 0.2 0.4
Case 3 14 24 15 7652.0817
0.1 0.1 0.2
Case 4 14 24 15 7416.7705
0.1 0.2 0.3
Case 5 6 14 24 6800.8121
0.4 0.4 0.4
Case 6 14 24 15 7776.0736
0.6 0.4 0.4
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by 2% and generation increased by 1.5% at bus 2.
From all the above cases after the application of CSO, the
optimal location and % series compensation of TCSCs for the
6 different cases and the corresponding ATC values are tabu-
lated in Table 7.
Similarly, after the application of CSO, the optimal loca-
tion and susceptance of SVCs for the 6 different cases and
the corresponding ATC values are tabulated in Table 8.
For all cases the ATCs without FACTS and with FACTS
using CSO are tabulated in Table 9.
Table 9 Summary of ATCs for 24 bus system in different
cases.
Cases ATC (MW)
Without FACTS With FACTS
TCSC SVC
Case 1 7896.7469 8089.059 7975.2391
Case 2 7200.9389 7798.936 7652.0817
Case 3 7367.1736 7769.2644 7652.0817
Case 4 7056.8334 7610.3528 7416.7705
Case 5 6356.545 6987.0616 6800.8121
Case 6 7701.6545 8137.5086 7776.0736
Figure 10 Summary of ATCs for 24 bus system for different
cases.
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FACTS using CSO has been enhanced compared to without
FACTS in all the 6 Cases. The corresponding ATC values
are shown in Fig. 10.
8. Conclusions
From all the test cases, it is clear that with incorporating
FACTS controllers the ATC can be enhanced and also it is
noticed that the TCSC gives more ATC when compared to
SVC. i.e., with TCSC, enhancement of ATC is better than with
SVC. The result indicates that use of the FACTS devices could
increase the ATC approximately 1000 MW for large power
systems. The results obtained on test systems reveal that the
ATC values are enhanced with suitable parameters of TCSC
and SVC using CSO which gives the better enhancement of
ATC under normal as well as line outage case. Also, it is clear
that the ATC is high within FACTS case-3 and low in case-4
for 14-bus system. The contingency based on the performance
based index gives the most accurate contingency cases in all
line outage as well as the signiﬁcance of data change case.
For very large systems the number of Cats must be increased.For large power systems, the placement of SVC and TCSC will
not be optimal by this technique.
Future scope
ATC can be calculated with other FACTS devices. The other
Optimization techniques can be used for the enhancement of
ATC. Instead of CPF, OPF also can be used. Cost function
also can be included as the multi objective function.
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